Introduction
Modification of cooling system to enhance the critical heat flux (CHF) is important for many engineering applications including nuclear fuel rods, water-cooled trunbine blades, supercomputers, marine engine system and so on [1, 2] . CHF was considered to be due to hydrodynamic instability (HI) [3, 4] . However, CHF was influenced not only HI but also heterogeneous spontaneous nucleation (HSN) and the occurrence of HSN depends on surface condition [5, 6] . In this aspect,the deep understanding of the transient pool boiling heat transfer and critical heat flux (CHF) with surface condition is becoming important to improved design of liquid cooling technologies [5, 6] . Various techniques of surface enhancement were applied which included making re-entrance type cavities to control cavity geometry, deposition of porous/ non-porous layer to get desired porousity and roughening a surface using smooth or rough paper [6] [7] [8] . Moreover, wettability which have relationship on roughness, porousity and liquid properties is one of important factors of surface condition can be determined by contact angle [8] . Various researchers discussed the nucleate boiling heat transfer and CHF in consideration to maximize CHF. The cavity-mouth diameter determines surface superheat needed and contact angle is vital at bubble nucleation primarily [9] . The effects of the interface-variables due to surface roughness and contact angle have found at the heat transfer surface on nucleate boiling [10] . However, CHF was independent of modified surface condition [11] . Alternatively, CHF test using horizontal vertically oriented steel ribbon heaters under saturated pool boiling in FC-72 at atmospheric pressure revealed that surface roughness can increase CHF by 6 ~ 12% [12] . The CHF correlation which contains both surface roughness and contact angle on flat heaters was postulated taking account the influence of surface roughness [13] . In addition, porousity have strongly affected on CHF according to the separated tests with contact angle, porosity and roughness [8] . , to platinum ribbon in pool of water was measured for saturated conditions at atmospheric pressure. The exponential period,τ , was varied from 5 ms to 20 s. The platinum ribbons having different surface conditions, namely, commercial surface (CS), treated surface-I (TS-I) and treated surface-II (TS-II) were utilized as test heaters. For surface conditions, the values of contact angle and surface roughness were measured prior to pool boiling experiments. The TS-II was subjected to conditions without pre-pressurization and with pre-pressurization up to 4.4 MPa before each experimental run was carried out. It is assumed that the contact angle is a major contributor to increasing CHF at quasi-steadily heat input. The TS-II enhanced the heat transfer performance ~ 290 % and ~ 430 %, and CHF of 1.2 times and 1.5 times relative to CS and TS-I, respectively. It was shown that transition of heat transfer processes and transient CHF depend on surface conditions, heat generation period and pre-pressurization. The transient CHF due to surface conditions was compared with corresponding values.
Transient CHF due to exponential increasing heat inputs on horizontal cylinders with different surface roughnesses in pool of water using without and with pre-pressurization before each experimental run have stated that a heat transfer crisis, namely, heterogeneous spontaneous nucleation (HSN), was observed due to direct transition from natural convection to film boiling without nucleate boiling [5, 6] . It was occurred that the physical mechanism of CHF due to HSN contradicts from classical hydrodynamic instability theory. Besides, the pre-pressurization can make contact angle hysteresis at highly subcooled conditions prior to a transient and nucleate boiling was significantly suppressed [14] . The investigation on rough surface ascertained that it can increase CHF at transient heat transfer process by improving surface energy.
Furthermore, heterogeneous nucleate boiling was investigated on ultra-smooth surfaces with root mean square (RMS) roughness of 0.03-0.365 μm for brass, unpolished stainless steel, and electropolished stainless steel in pentane and butane at steady boiling condition [15] . Surface orientation is important factor that can greatly degrade the CHF. The upward-facing surface has maximum CHF, conversely, downward-facing has minimum one due to difficult bubble detachment [16] . In this regard, the bubble departure rate increases with the decreasing value of contact angle [17] . The combined effect of surface orientation and contact angle at various surface roughnesses of flat plate heaters is also well-known correlation [18] .
The present study clarifies the transient heat transfer and CHF on the multi-effects of surface roughness, contact angle, heat generation period, and pre-pressurization on horizontal verticallyoriented ribbon heaters. For surface condition, commercial surface (CS), treated surface I (TS-I) and treated surface II (TS-II) were prepared. For the TS-II, the two pre-pressurization cases, without and with pre-pressurization up to 4.4 MPa, namely, TS-II (0/4.4 MPa), respectively, were carried out before each experimental run. Experiments are conducted under saturated condition at atmospheric pressure in pool of water.
Experimental Apparatus and Method

Treatment of Test Heater
The heater dimension of width, thickness and effective length for the CS, TS-I and TS-II are
mm, respectively. The TS-I and TS-II were treated from commercially available ribbon. The former was polished with buff paper and alumina suspension. The latter was finished by emery paper with granularity of #1500. The surface roughnesses of each heater were measured by a profilometer, Handysurf-E-35-A. The heaters were cleaned with acetone. To measure the contact angle, ion-exchange-water droplets with an amount of 4 μm each after distillation were dropped onto the one of the surfaces with the aid of the autoclavable Honjo, et al. [19] .
The results of surface roughness and contact angle measured on the CS, TS-I and TS-II are shown in Fig. 1 (a) and (b). The surface roughness value at the vertical axis of Fig. 1 (a) shows the arithmetic mean roughness, a R . The average values of a R for the CS, TS-I and TS-II are 0.12 ± 0.015μm, 0.04 ± 0.005 μm and 0.22 ± 0.02 μm, respectively. Moreover, the average values of θ are 60.6 ±1.3º, 62.0 ± 1.0º and 51.5 ± 0.7º, respectively. It can be seen that the largest value of a R with respect to the TS-II value yields the smallest value of θ and the smallest value of a R related to the TS-I reveals the largest value of θ. It is compromise with the relation between surface roughness and contact angle for copper and stainless steel [20] in which the values of contact angle decrease from maximum value to minimum one with an increase of surface roughness from lowest value up to 0.25 μm. It was desirable that the surface with large roughness and small contact angle decrease the i T Δ due to HSN and increase CHF.
Experimental Pool Boiling Apparatus
The experimental pool boiling apparatus is shown in Fig. 2 . It is mainly comprised of a boiling vessel (1), a test section including horizontal vertically oriented platinum ribbon heater (3), a pressurizer (4), a pressure pump (11) , heating system (18) , and a data measurement and processing system (19) - (21), and a video camera system (5) . The boiling vessel is made of cylindrical stainless steel with 20-cm inner diameter and 60-cm height capable of operating up to 5 MPa. The two current conductors and two potential conductors were installed at the upper side of the vessel, which were also used to support the test heater. Two fine 30 μm diameter platinum wires (potential taps) are spot-welded on the heater at about 10 mm from each end of the heater. The effective length of the heater between the potential taps was about 30 mm for CS and TS-I, and 41 mm for TS-II. The vessel is equipped with a pressure transducer and a sheathed 1 mm diameter K-thermocouple to measure the bulk liquid temperature.
Experimental Method and Procedure
The test heater was calibrated at various liquid temperatures using double bridge circuit to attain the resistance-temperature relation, )
is resistance in a double bridge circuit, andα and β are fitted constant. The value of β is -5.88×10 -7 for Grade 1 annealed platinum at temperatures up to 1500ºC [21] . Then, the test heater including the test section was mounted to the current and potential conductors of the boiling vessel. The test heater as a branch of a double bridge circuit was balanced at the bulk liquid temperature.
The heat input signal was transmitted to electronic switch from a digital computer through a digital-to-analog (D/A) converter. For desired time [22] was supplied to test heater. The voltage drops across a standard resistance, across the potential taps of the heater and the output voltages of the double bridge circuit were passed to computer via amplifiers and analog-todigital (A/D) converter. They were simultaneously monitored at a constant time interval ranging from 60 μs ~120 ms to evaluate heat generation rate,Q , and average temperature, a T . Average temperature, a T , is calculated according to the previous resistance-temperature relation. If the value of a T is higher than shut off temperature which have already set up in computer, the power shut off signal will be sent to electronic switch to cut out the power supply not to occur actual burnout of the heater.
The heat generation rate of the heater,Q , was determined by the multiplication of the current to heater and the voltage difference between potential taps of the heater. As heat generation rate will change simultaneously with resistance change of test heater, a heat generation control system have developed using a high-speed analog computer [23] .
The heat flux, q , of the heater during experiment is computed by the difference between the heat generation rate per unit surface area, Q, and the rate of change of energy storage in the heater as follows:
where, h ρ , h c andδ are the density, the specific heat and the half thickness of heater, respectively.
The surface temperature, Ts, was calculated by the following unsteady heat conduction equation of heater. 
where, a in Eq. (2) and k in Eq.(3) are thermal diffusivity and thermal conductivity, respectively. The uncertainties were estimated to be about ±1K in the heater surface temperature and ±2 % in the heat flux.
Ion-exchange-distilled water was fully filled in the boiling vessel with the free surface only in the pressurizer and auxiliary tank. Then, the liquid in each tank is separately heated by sheathed heaters installed in each tank. Every tank was degassed by keeping it boiling for 30 minutes at least. The vessel was kept warm by micro heater and lagging materials. Pre-pressurization to the boiling vessel was carried out with a reciprocating diaphragm pump before each experimental run.
The exponential function,
,where, t means time and τ means exponential period, was set up for heat input. The CHF was determined at a start point where the average temperature rapidly increases up to the preset temperature by using a burnout detector.
Experimental Results and Discussion
Experimental Conditions
The experimental conditions for CS, TS-I and TS-II to perform transient CHF due to exponential increasing heat inputs in this study are described in Table 1 . process. However, s T and incipient heat flux, i q , increase along heat generation curve up to overshot temperature at boiling initiation, ov T , and i q , respectively. Then, they decreases rapidly and again increases gradually up to the CHF point. It is suggested that the phenomena such as ov T and delayed i q are due to the pre-pressurization up to 4.4 MPa which is able to flood the test heater. Fig.4 The heat transfer process, q, in Fig. 4 is depicted in Fig.5 as the function of surface superheat, sat s sat
.The sat T is saturated temperature of liquid. In this figure, the heat transfer process increases from natural convection to film boiling through fully developed nucleate boiling (FDNB). Decreasing of sat T Δ after boiling initiation, i T Δ , is due to activation of flooded cavities. The natural convection curve [24] , fully developed nucleation curve [25] and steady-state film boiling curve [26] are illustrated for comparison. In boiling heat transfer, q is divided into two conditions such as non-boiling and nucleation condition. Consequently, h can be categorized as non-boiling heat transfer coefficient and nucleate heat transfer coefficient. Non-boiling heat transfer coefficients due to exponential increasing heat inputs governed by natural convection heat transfer, transient conduction heat transfer and combined natural convection and transient conduction heat transfer [22] play role the different physical mechanisms of CHF. Generally, the transient conduction at non-boiling condition due to exponential increasing heat inputs is a major potential model to outcome CHF at i q . Moreover, it is assumed that dissipation of nucleation sites due to surface condition and pre-pressurization can change the transition of heat flux. It is important to know what factor influences the mechanistic model at non-boiling and nucleation condition which shapes the CHF.
The heat flux at nucleate boiling, nb q and i q at boiling initiation can be characterized in Eqs. (6) and (7) [25] as follows:
where, the value of n in superscripts of Eqs. (6) and (7) is taken as 3.0 by [25] . The subscripts nb, i, 1 C and 2 C mean nucleate boiling, boiling initiation, factors of nb q and i q , respectively. As the sat T  in Eq. (5) is inserted into Eqs. (6) and (7), factors of heat fluxes in Eqs. (8) and (9) were obtained. However, at ( t/τ ) > 4, heat transfer value rapidly decreases after boiling initiation. and TS-I (0 MPa), respectively, it can be calculated by using the Eqs. (6) and (8) Fig.3 . After boiling initiation, the heat transfer processes instantly increase to CHFs with a slight increase of surface superheat, sat T  , without passing FDNB regimes which are plotted by broken lines in Fig.8 . It is due to the fact that the occurrence of the i T Δ due to HSN which is, then, followed by rapid increasing heat inputs can degrade the heat transfer and reach to the CHFs in shortly. Moreover, it can be seen that the heat transfer process due to pre-pressurization of 4.4 MPa, TS-II (4.4 MPa), has the same transition with the TS-I (0 MPa) and the CS (0 MPa) from non-boiling to film boiling though the TS-II has the large surface roughness, a R , and small contact angle, θ. After CHFs, the heat transfer processes [5, 6] : at first, it slightly increases up to maximum CHF from a steady-state CHF, then decreases down to minimum CHF and finally increases again with a decrease in period.
The first group of CHFs was resulted from the heat transfer processes as shown in Fig.10 . However, when the heat transfer process of the TS-II (0 MPa) due to period, τ , of 16 ms was confirmed, it increased from transient conduction to film boiling without reaching the FDNB as shown in Fig.9 . On the contrary, the heat transfer process of the TS-II (0 MPa) due to the period,τ , of 100 ms reaches to film boiling through the FDNB. Having consideration to these facts, the CHF resulting from the heat transfer processes due to τ ranging from 20 s down to 50 ms are considered to be the first group of CHF. At the measured first group of CHF for period, the TS-II (0/4.4 MPa) contribute the higher CHF of about 1.2 times and 1.5 times when compared with the CS (0 MPa) and the TS-I (0 MPa), respectively.
The first groups of CHFs were tested with the previous corresponding values as shown in Eq. (11) suggested by [5, 6] which is based on hydrodynamic instability model [3, 4] , plotted with the solid lines. The Eq. (11) is the relation of quasi-steady-state CHF at subcooling, sub cst q , , and period,τ . In this study, zero-subcooling is considered for the saturated condition. The second group of CHFs was occurred at the periods shorter than the periods corresponding to minimum CHFs which is shown in Fig.10 . The second groups of CHFs attained only for the CS (0 MPa), the TS-I (0 MPa) and the TS-II (4.4 MPa) were induced by the semi-direct transition process that belongs to the typical heat transfer process as shown in Fig.8 . The trend of the second groups of CHFs for the CS (0 MPa), the TS-I (0 MPa) and TS-II (4.4 MPa) are similar and increase asymptotically. However, a quite higher trend is observed on the TS-II (4.4 MPa).
They were evaluated by the previous CHF data as described by Eq. (12) [5, 6] which compromised with the heat flux at boiling initiation for certain condition or direct transition to film boiling. The Eq. (12) [27] . In this study, the heat transfer coefficient versus t/τ >3 for period, τ , of 20 ms can be seen in Fig.6 . As depicted in Fig.10 , the correlation does not correspond to the measured second group of CHF. It is caused by the facts that the occurrence of nucleate boiling for a while gives to an increase of the heat flux. In this study, as the i T Δ of the TS-I (0 MPa) is higher than the others, the corresponding value according to the Eq. (12) for TS-I (0 MPa) which is illustrated by chain-line is higher than the other ones.
The third group of CHFs for period was induced by the heat transfer processes due to insufficient FDNB which belongs to the experiment results of the CS (0 MPa), the TS-I (0 MPa), the TS-II (0 MPa) and the TS-II (4.4 MPa) as shown in Fig.9 . It was usually occurred on the region from the maximum CHF of the first group down to the minimum one of the second group. However, that of the TS-II (0 MPa) was found at the short period. The third group of CHFs for period due to the TS-I (0 MPa) is longer than the CS (0 MPa) and the TS-II (4.4 MPa). The third group of CHFs for period from higher trend to lower one are on the order of the TS-II (0 MPa), the TS-II (4.4 MPa), the CS (0 MPa) and the TS-I (0 MPa), respectively.
Conclusions
The experimental study on transient boiling heat transfer and critical heat flux on horizontal vertically oriented ribbons having different surfaces with CS, TS-I and TS-II in pool of water were carried out under saturated conditions at 101.3 kPa. The TS-II was subjected to the conditions without pre-pressurization and with pre-pressurization up to 4.4 MPa before each experimental run.
(1) The relation of the measured surface roughness and contact angle on CS, TS-I and TS-II agree with the previous corresponding relation based on the surfaces of copper and stainless steel. (2) By pre-pressurization, the i T Δ due to HSN which is depending on surface condition can be induced at boiling initiation even for quasi-steadily increasing heat input. The i T Δ due to HSN does not affect to the CHF at the longer period. However, it affects to the CHF at the short exponential periods and the heat transfer process can lead to film boiling without a nucleate boiling. 
